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Aerodynamics of a Double-Element Wing in Ground Effect
Xin Zhang¤and Jonathan Zerihan†
University of Southampton,Southampton,EnglandSO17 1BJ, United Kingdom
An investigationof a cambered, double-element, high-lift wing operating in ground effect was performed. The
effect of ground proximity and ￿ap setting was quanti￿ed in terms of aerodynamic performance and off-surface
￿ ow￿ eld characteristics. From that, it was found that the ￿ ow is three-dimensional toward the wing tip with the
main element generating most of the downforce but retains quasi-two-dimensionalfeatures near the center of the
wing. However, at large heights the downforce increases asymptotically with a reduction in height. Then there
is either a plateau, in the case of a low ￿ ap angle, or a reduction in downforce, in the case of a large ￿ap angle.
The downforce then increases again until it reaches a maximum and then reduces with decreasing height above
the ground. The maximumdownforce is dictated by gains in downforce from lower surface suction increases and
losses in downforce caused by upper surface pressure and lower surface suction losses, with a reduction in height.
For the high ￿apanglethere is asharpreductionjust beyondthe maximum,mainlybecause ofthe boundarylayer
separating,and a resultant loss of circulation on the main element.
Nomenclature
b = wing span; 1100 mm
CD = drag coef￿cient, D=q1S
CL = lift coef￿cient, L=q1S
CP = pressurecoef￿cient, p=q1
c = wing chord;380 mm
c f = ￿ ap chord; 165.7 mm
h = height above ground
q1 = dynamic head,
1
2½1U 2
1
Re = Reynoldsnumber, ½1U1c=¹
S = platformarea
U1 = freestreamvelocity
u; v; w = velocitycomponentsin x; y; z axis system
umin = minimum u velocitycomponentin wake
u0u0 = turbulentstress
x; y; z = Cartesiancoordinates,x positivedownstream,
y positiveup, z positiveto starboard
® = incidence
¹ = viscosity
»; ‡ = localcoordinates,» tangential,‡ normal
½1 = freestreamdensity
Introduction
A
WING operating in the proximity to the ground introduces
different￿ow physicsfrom that in freestream.Comparatively
littleinformationisplacedin publicdomainaboutaninvertedwing
ingroundeffect,whichhasitsapplicationintheautomobileindustry.
Forexample,thefrontwingofaracingcaroperatesingroundeffect,
at typical heights of 70–100 mm from the ground,1 and produces
about 25–30% of the total downforce of the car.2 The downforce
works in conjunctionwith the mechanical grip to improve the ac-
celeration, braking, and cornering speed of the car. However, it is
not only the overall level of downforce that is the important fac-
tor. The front wing changesheight from the ground because of the
suspension movements on the car. This severely affects the level
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of downforce, and hence the grip. It is important to maintain con-
sistent levels of front end grip, not only for performance reasons.
It is not only important to have a car that handles well for perfor-
mance reasons, but it is also a signi￿cant safety issue. In addition
to the aerodynamic performance of the front wing, another major
issue is the wake/vortices that it generates. The ￿ ow to the under-
tray and diffuserin particular,but also the radiators and rear wing,
isseverelyaffectedbythe frontwing becausetheyalloperatein the
wake/vorticesfrom the wing.
There has been a lack of data on invertedwings in groundeffect
that are supposed to simulate the ￿ ow correctly. Ground effect is
normally felt within a height of one chord. Using a single-element
wing,ZerihanandZhang3 showthattheuseofa ￿ xedgroundwould
result in a substantial reduction in the downforce, with a signi￿-
cant drop below a critical height of around 0.3 chord (by as much
as 25%). Above the critical height major ￿ ow features would be
the same as in the freestream case. Below the critical height, new
features emerge, for example, shear-layer instability and wall jet,
which will not be simulatedcorrectly by the use of a ￿ xed ground.
Among various studies, Knowles et al.4 were the ￿ rst to study ex-
perimentally a single-element wing with the suction surface near
a moving ground. However, neither three-dimensionaleffects nor
off-surface ￿ ow￿eld was studied. Recently, in a series of studies,
Zerihan and Zhang3;5;6 conductedinvestigationsof single-element
wings in groundeffect, includingthree-dimensionaleffect and off-
surface￿ ow￿ eld surveys,as well as numericalmodeling.
In practice, a typical geometry of the front wing is of a multi-
element con￿guration, which would introduce additional features
of importance.The study of multielement￿ ows is an area that has
challenged researchers for a long time. Smith7 described the ￿ ve
bene￿cial effectsof the gaps between the elements in multielement
￿ ows: slat effect,circulationeffect,dumping effect,off-the-surface
pressure recovery, and fresh-boundary-layer effect. Ranzenbach
et al.8 demonstrated the ground effect for a double-elementairfoil
con￿guration. Their work begins to address the topic, using two-
dimensionalmodel tests in a ￿ xed groundwind tunnel on a NACA
632¡215 Mod B section with a 30% slotted ￿ ap for the double-
element studies.Force reductionwas observed.Jasinskiand Selig9
presented an experimental study of a three-dimensional multiele-
mentwing ingroundeffect,againusinga ￿ xedgroundfacility.Two
trailing vortices were observed rolling up from the end plate, the
size of which increasedfor the larger ￿ ap de￿ection. In this study
we aim to quantify the performance of a generic double-element
wing in ground effect, employing model tests with correct ground
conditions. Earlier results illustrate the large-scale unsteady and
time-averaged ￿ ow features of a high-lift single-element wing. It
shows that the ground has indeed a profound effect on the aero-
dynamicperformance.By associating￿ uid ￿ow measurementsand
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observationwith force and pressuremeasurements,it is possibleto
developa greaterunderstandingof ￿ ow physics.
Methods
Test Facilities
Tests were conducted in the University of Southampton
3.5£2.5 m wind tunnel for laser Doppler anemometry(LDA) sur-
veys(Fig.1)and2.1£1.7m windtunnelforothertests.Detailscan
be found in Ref. 10. Both tunnels are of a conventionalclosed-jet,
closed-circuit design. At 30 m/s the freestream turbulence is less
than 0.2% in both tunnels. The tunnels are equipped with a large,
moving belt rig.
Wing Model
Earlierstudieswereperformedona genericsingle-elementwing,
with a cambered pro￿le.3 Current tests employ the single-element
wing as the main element in addition to a large ￿ ap. The main el-
ement has a modi￿ed General Aviation-Whitcomb (GAW) airfoil
(Fig. 2). A detailed listing of the coordinates was given by Zeri-
han (see Table 3 in Ref. 10). The main changes include a forward
movement of the lowest point on the suction surface, a ￿ attening
of the pressuresurface,and a modi￿cationto the leadingedge.The
main purpose of the modi￿cation is to minimize the wake behind
the airfoil.A spanof 1100mm was used,which correspondsto less
than75%ofthewidthofthemovingbeltinthesmallerwindtunnel,
to minimize effectsat the edge of the belt.The wing has a constant
chord of 223.4 mm.
A￿ apwithaconstantchordof165.7mm wasused,theaft35mm
ofwhichisthethinregion,1 mm thick.A detailedlistingofthe ￿ap
coordinateswasgiveninRef.10.Two ￿ apangleswereused(seethe
section on ￿ ap location optimization). For the high ￿ ap angle the
chordis 378.9 mm. For the lower ￿ ap anglethe chordis 381.5mm.
Inpresentingtheresults,allofthelengthscaleswerenormalizedby
380mm.Thecombinedchordcorrespondstoanaspectratioof2.89.
End plates were employed,which are rectangularwith dimensions
400£170£4 mm (Fig. 2).
Tests
Allforce,pressure,and￿owvisualizationtestswereperformedat
a constantdynamic pressure of 56.25 mm water. LDA and particle
Fig. 1 Model installationin wind tunnel.
Fig. 2 Schematic of a double-element wing in ground effect.
image velocimetry(PIV) tests were performed at a constantspeed
of 30 m/s. The Reynolds numbers were in the range 0:735£106
to 0:765£106 based on the total chord. The tests were performed
transitionfree.
Two models were manufactured: a clean wing used for forces,
￿ ow visualization,LDA, and PIV; and an identicalmodel,with the
additionofpressuretaps.The surfacepressuresweremeasuredbya
chordwisedistributionofpressuretaps,locatedneartothesemispan.
It comprises 25 taps on the suction surface and 23 on the pressure
surface. A similar con￿guration was used for the 25 pressure taps
on the ￿ ap. The chordwise group contains 13 taps on the suction
surfaceand 12 taps on the pressuresurface.
The forces and surface pressures acting on the wing have been
measured for the model at a wide range of ground heights, from
1.97ctolessthan0.05c abovetheground.Theheightwasde￿nedby
thedistancefromthegroundtothelowestpointonthewingwiththe
wingincidencesetto0deg.Theeffectofchangingthe￿ apde￿ection
anglewas investigatedat the differentheights.The incidenceof the
wing was varied using a rotation about the quarter-chordposition.
The reference incidenceof 1 deg at which all double-elementtests
wereperformedistheincidencecorrespondingtoendplatesparallel
to the ground, with the wing in its datum ￿ ap de￿ection, that is, a
true incidenceof 14.1 deg.
Off-surfaceresults were also taken over a chordwiseslice at the
semispanof the wing with a LDA systemto extractmean ￿ow and
turbulencedata. LDA measurementswere performed with a three-
componentDantecsystemwitha5-Wargon-ionlasergenerator.The
systemwas operatedin backscattermode. The velocitiesmeasured
in the beam axes were resolved into the tunnel coordinate system
.x; y; z/usinga matrixtransformation.Seedingwas introducedby
threeseedinggeneratorslocateddownstreamoftherollingroad,be-
hindthe model.The LDA signalswereanalyzedusingthreeDantec
Burst Spectrum Analyzers. On average, a total of 800 bursts (in-
stantaneoussamples) were collected for each data point. The LDA
study was supported by PIV survey of the ￿ ow between the ￿ ap
and the ground, which provided insight into the state of the ￿ ow
immediately behindthe main element. PIV was performed using a
DantecPowerFlowsystem.ThelaserforthePIVsystemwaslocated
approximately1.6m downstreamofthecenterofthewing,afterthe
end of the rolling road. The region of the ￿ ow￿ eld including the
trailing-edgeregion,from the groundto abovethe ￿ ap extendingto
x=cD1:2 at the wing semispan,was mapped. The total number of
samplesrecordedper run was 500.The analysissequenceusedwas
to cross correlate the data on 32£32 pixels and perform a range
validationofthe resultingvectors,generatinga 157£125grid.De-
tails of the system can be found in Zerihan and Zhang.5 The range
of heightsextendedfrom 22 to 100 mm.
Errors and Uncertainties
The incidence of the wing was set to within §0:005 deg, and
the height above ground was set to within §0:2 mm. The constant
dynamicpressurewassetto56.25-mmwater§0:05mm.Theuncer-
tainties in the force measurementswere calculated using the addi-
tionmethodand a 95%con￿dence.11 CL andCD haveuncertainties
of §0:003 and §0:0006, respectively.Uncertaintiesin the surface-
pressure results were calculated using the rss method as described
by Moffat11: the worst case correspondingto a Cp of §0:035. The
short-termrepeatabilitywas investigated;the highest uncertainties
were found to be at the suction peak and the transitionbubble, the
worst correspondingto a Cp of §0:075.
For the LDA survey the accuracy of the traverse is 0.01 mm,
but there is a gear backlash of 0.5 mm. Attempts were made to
reduce the effect of this by always approaching a boundary layer
or wake pro￿le from the same direction.Following an analysis by
Zhang,12 anestimateoftheuncertaintyinthevelocitymeasurement
gives u=U1 § 0:005 and v=U1 § 0:005. An estimate of the 95%
con￿dence level has been performed following procedures given
by Benedict and Gould.13 In a typical test the worst uncertainty is
0.006 for u0u0=U 2
1 D0:007, or less than 10% of the value. For the
u velocitythe worst uncertaintyis less than 0.1%.ZHANG AND ZERIHAN 1009
Results and Discussion
Flap Location Optimization
For the forces two ￿ ap angles were used: the datum (high ￿ap
angle) and a de￿ection of ¡8:5 deg (low ￿ap angle). The point
about which the ￿ ap was rotated was at a location of x=c D0:567,
y=cD0:076,thatis,2 mm downstreamfromtheleadingedgeofthe
￿ ap (see Tables 3 and 4 in Ref. 10 for the exact coordinates).
A seriesof testswere performedin orderto ￿ nd the ￿ ap location
at which the maximum downforcewas producedfora constant￿ap
de￿ection.Thegapandtheoverlapwerevariedinstepsof2mm.The
overlapwas de￿ned as the horizontaldistance between the trailing
edge of the main element and the leading edge of the ￿ ap, with
a positive overlap for the ￿ ap leading edge upstream of the main-
element trailingedge. The gap was de￿ned as the verticaldistance
betweenthetrailingedgeofthemainelementandthelowestpointon
the￿ apsuctionsurface,witha positivegap forthe￿ apleadingedge
abovethemain-elementtrailingedge.The￿ aplocationoptimization
was performed for the datum ￿ ap de￿ection angle at an arbitrary
height of h=cD0:263. Results of the optimization can be seen in
Fig.3.Theoptimumlocationforthe￿ apcanbeseentobeanoverlap
of 0.024c and a gap of 0.032c. These correspondto 9 and 12 mm,
respectively.This was used as the locationof the ￿ap for all further
tests at the differentheightsand ￿ ap de￿ection.
Oil Flow Visualization
Oil ￿ ow visualizationwas performedat variousheights(see ex-
amples in Fig. 4). Although it dif￿cult to see from the pictures,the
streaklines on both elements featured spanwise components, par-
ticularly near the tips. It seems, however, that over the center the
surfacestreaklinesdo not featuresigni￿cantspanwisecomponents.
The ￿ ow over the central portion can be regarded as quasi-two-
dimensional.Signi￿cant three-dimensionaleffect is observed near
the tip, which is probablyassociatedwith the likelypresenceof the
edge vortices. In fact a recent single-elementwing study suggests
thatthebreakdownof theedgevorticescausesthe changein the lift
slope between regions a and b (see later).14 It is conceivable that
the pressure￿ eld could be affectednearthe center.(Furtherstudies
need to be performed on this.) Nevertheless,the main tenet of the
currentpaper remains valid.
At h=cD0:395 (Fig. 4a) the separation bubble indicating tran-
sition is clear over most of the span of the wing. The separation
point in the bubble was measured at x=c D0:11¡0:13, with turbu-
lent reattachment at x=c D0:16. However, near the center of the
wing, a small region can be seen where the bubble is breaking up
just to the left of the semispanand where the bubble is not present
slightlytotherightofthesemispan.Closeinspectionofthepatterns
on the wing, dif￿cult to see in the ￿gure, reveals a small bubble
very closeto the leadingedge, x=c D0:01¡0:02, where there is no
main transition bubble. (This phenomenon is discussed further in
the following paragraph.) Hence, on the main element, transition
is observed at two chordwise locations at this height for the low
￿ ap angle: x=cD0:01¡0:02 for a small region at the center of the
Fig. 3 Effect of varying overlap and gap at h/ /c= =0.263; datum ￿ap
angle.
a) h/c=0.395,low ￿ ap angle
b) h/c=0.211,high ￿ ap angle
Fig. 4 Oil ￿ow visualization on suction surface showing leading-edge
lowermost.
wingandx=cD0:11¡0:16elsewhere.Onthe￿ apareasonablylarge
transitionbubbleis again seen.It is brokenup at threespanwiselo-
cations where the bracketssecure the ￿ ap in place. The separation
point was measured at x=cD0:69¡0:72, with turbulent reattach-
ment at x=c D0:75. The leading-edge transition was not seen at
h=cD0:211, and heightsbelow this, for the low ￿ap angle. On the
main element the detachment point in the bubble was measured at
x=cD0:12¡0:14, with reattachment at x=c D0:17, that is, at ap-
proximatelythe same locationwithin the measurementuncertainty.
The bubbleon the ￿ ap was measuredat the same positionas that at
h=cD0:395.
For the high ￿ap angle there is a signi￿cant difference(Fig. 4b).
On the main element transition at the leading edge accounts for a
signi￿cant portion of the span of the wing. In the central portion
of the image, the leading-edgebubblecan be seen, and on the right
the bubble is farther back, at x=c D0:11¡0:18. As at the low ￿ ap
angle,this portionof the wing with leading-edgetransitionreduces
as the groundheightis reduced.At h=c D0:211 it is approximately
36% of the span. This reduces from 57% at h=cD0:395 to 46%
at h=cD0:263, 36% at h=c D0:211, 20% at h=c D0:158, and to
virtuallyzero at h=cD0:105. The transitionlocationfor the ￿ ap is
now very close to the leadingedge, at x=c ¼ 0:58. This was found
to be the case for all heightstested for the high ￿ ap angle.
Force Behaviors
The downforce and drag coef￿cients as the ride height is varied
are given in Figs. 5a and 5b. It can be seen that the basic charac-
teristics of the downforce with height curve are broadly similar to
the single-element wing.3 The downforce increases as the height
reduces, and eventually a maximum downforce is obtained, after
which the downforce reduces sharply. For the low ￿ ap angle the
maximum is reached at h=cD0:066, and for the high ￿ap angle
h=cD0:079. Below the maximum downforce height is the down-
force reductionregion c.
However,for the low ￿ap angle at a heightof h=c D0:171 a dis-
continuityinslopecan beseenasthe trendofincreasingdownforce
with heightreductionabruptlystoppings;just above this height the
gradient of the line is high, and just below this point the gradient
is low. As the height is reduced further, the slope of the line in-
creases again, in a similar manner to that at large heights, until it
graduallyreduces,and the downforceeventuallyreachesthe maxi-
mum,correspondingtoCL D2:588.Toaidindescribingtheaerody-
namiccharacteristics,heightsgreaterthanandequaltoh=cD0:1711010 ZHANG AND ZERIHAN
Fig. 5a Downforce with ground height.
Fig. 5b Drag with groundheight.
for the low angle ￿ ap angle will be referred to as region a, and
heightsbetweenh=c D0:066and h=c D0:171 will be referredtoas
region b.
For the high ￿ ap angle the wing generates signi￿cantly more
downforce than for the lower ￿ ap angle. At large heights, greater
than h=cD0:237, similar characteristics can again be seen as
the downforce increases asymptotically as the height is reduced.
However, a discontinuity in slope again exists in the curve, at
h=cD0:237, and the downforceactuallyreduces suddenlyjust be-
low this height.As the height is reducedfurther,the portion of the
curve seems more linear. A maximum in the downforce occurs at
h=cD0:079,correspondingtoCL D3:028.Belowthisheightasud-
den drop in the downforce is observed. In a similar manner to the
low ￿ap de￿ection,three ￿ ow regionsare de￿ned.
The variationof drag with height is given in Fig. 5b. The curves
for the two ￿ ap de￿ectionsshow a generaltrend of increasingdrag
as the height is reduced. At the low ￿ ap de￿ection the curve is
relativelysmooth,with the gradientof the line generallyincreasing
as the groundheight is reduced. However, just above h=c D0:171,
at the lower boundary of the type a ￿ ows at this ￿ ap de￿ection,
the gradient is greater than just below this height, that is, a similar
characteristicto the downforceagainstheightcurveis observed.At
the high￿ ap de￿ectiona signi￿cantlygreaterdragis obtainedat all
heights,thancomparedtothe low ￿ ap de￿ection.A broadlysimilar
variation with height is observed. In the border between the type
Fig. 6 Chordwise surface pressures at wing center at h/ /c= =1.97.
a=b ￿ ows,ath=c D0:237,thegeneraltrendisfora sharpergradient
atlow typea heights,and a lower gradientat greatertypeb heights.
This issomewhatmore pronouncedthanforthe low ￿ap de￿ection.
Chordwise Pressure Distribution
Acomparisonofpressuredistributionath=cD1:97ismadeofthe
single-elementwinganddouble-elementwing(Fig.6).The￿ aphas
theeffectofintroducinga￿ nitepressureoverthetrailingedgeofthe
main element. The pressureson the pressuresurfaceare increased,
andthesuctiongeneratedonthesuctionsurfacealsoincreasescom-
paredtothesingle-elementwing.The incrementsaregreaterforthe
high ￿ ap angle than for the low ￿ ap angle. Over the mid and aft
portions of the wing, the increases are broadly constant for both
￿ ap angles. However, to x=c¼0:15 the shape of the distribution
changes more signi￿cantly for the double-elementwing compared
tothesingle-elementwing.On the pressuresurfacetheacceleration
of the ￿ ow from stagnation at the leading edge is smoother with
the ￿ ap, in the regionto x=c ¼0:1. For the single-elementwing the
￿ ow reaches a velocity approachingfreestreamat x=c ¼ 0:02. On
the suctionsurface,the suctionpeak for the single-elementwing at
x=cD0:08 remains at the same place. This will be known as the
suction peak. However, a suction spike near to the leading edge at
x=cD0:01¡0:02 becomes apparent when the ￿ ap is added,which
shall be referred to as the suction spike. The spike grows for the
higher￿apangle.Thebumpthatispresentinpressureonthesingle-
element suction surface at x=cD0:17 representing the transition
bubbleis not as apparentfor the double-elementwing.
The two ￿ ap angles yield different types of distributions. For
the low ￿ ap angle the ￿ ow is accelerated over the suction surface
a little from the higher than freestream velocity near to the main
element trailingedge. It remains at CP ¼¡1 until x=cD0:72, and
then the recovery starts as the trailing edge is approached.For the
high￿ apanglethe￿ ow is acceleratedrapidlyfromtheleadingedge
at x=cD0:564 to a peak suction at x=cD0:570. The ￿ ow is then
retarded. The difference in suction between the high and low ￿ ap
anglesreducesalongthechordofthe￿ apandissmallforthe￿naltap
at x=c D0:880.On thepressuresurfacethe￿ owisacceleratedfrom
stagnation at a greater rate for the low ￿ap angle. The pressures
remain broadly constant for each con￿guration but are greater in
magnitudefor the high ￿ ap angle than for the low angle.
The chordwise CP distributions for the low ￿ap angle are pre-
sentedinFig.7.For the largeheights(Fig.7a),whentherideheight
is reduced, the suction increases on the lower surface of both the
main element and the ￿ap. The increase, however, appears greater
onthemainelementwhencomparedtothe￿ ap.Thesuctionnearthe
trailing edge of the main element increaseswith increasingground
proximity,the magnitudeof which is comparableto the increaseinZHANG AND ZERIHAN 1011
a) b)
Fig. 7 Chordwise surface pressures at wing center for low ￿ ap angle.
a) b)
Fig. 8 Chordwise surface pressures at wing center for high ￿ap angle.
suction near the ￿ ap leading edge. The fundamental shape of the
distributionsdoes not change, and the main suction peak, and the
spikeveryclosetotheleadingedge,arestillpresentasthegroundis
approachedand remain at the same location within the spatial res-
olution of the taps. The reductionin pressure from after the spike,
tothe mainpeakincreasesas theheightisreduced.The distribution
over the pressuresurfacevaries little from h=c D1:97 to 0.211.
Closer to the ground (Fig. 7b), the effect differs.The suction on
the main element increases signi￿cantly as the height is reduced,
especially in the chordwise region from x=c D0:08 and down-
stream.The incrementstartsto reducefrom x=c¼0:25andis small
at the trailing edge of the main element. For the lowest height,
h=cD0:053,a reductionin suctionis found from x=c D0:25 com-
pared to h=c D0:079. The tap recording the suction peak moves
from x=c D0:079 to 0.105 as the height is reduced.The character-
istics of the spike near to the leading edge also change. Although
not overly clear, at heights lower than and including h=cD0:132
the maximum suction over the entire surface is found in the suc-
tion peak at x=c D0:105, compared to the leading-edge spike at
heightsgreaterthan this.The peak suctionat the lowest heightcor-
responds to CP D¡8:7, much greater than the maximum for the
single-elementwing. Over the lower surfaceof the ￿ ap, the change
insuctionissmallcomparedtothemainelement.Thereisatendency
for the suctionto increasenearto the leadingedge, with the lowest
height case showing a slight reductionin suction from x=c D0:65.
Thedistributionsoverthepressuresurfaceofbothelementschanges
very little,but the slighteffectof reducingpressurewith heightcan
be seen.
Resultsforthehigh￿ apangle(Fig.8)showa similareffectofthe
ground on the pressure distributions.At the large heights (Fig. 8a)
thereisalargeincreaseinsuctiononthemainelementlowersurface
as the height is reduced. Over the ￿ap lower surface the increase
in suction is not as signi￿cant and is very small for h=c D0:211.
Again, the suction spike very near to the leading edge of the main
element provides the greatest overall suction at these heights. CP
distribution on the pressure surface experiences little variation as
the height is reduced.At the lower heights(Fig. 8b), for all heights
apart from the lowest of h=c D0:053, the lower surface pressures
onthemain elementreduce,mostsigni￿cantlyovertheregionfrom
x=cD0:1 to 0.25.The suctionpeakclosetothischordwiseposition
moves aft, from x=cD0:079 to 0.105 with the reductionin height.
Again, this suction peak contains the maximum suction over the
entirewingforallheightslowerthanandincludingh=c D0:132.At
greaterheightsthanthis,themaximumoverallsuctionisfoundinthe
suctionspike at the leadingedge.For the ￿ ow overthe ￿ ap suction
surfaceatallheightsapartfromthelowest,thesuctionchangesvery
little as the height is reduced in this height range. There is a slight
tendencyfor increasingsuctionin the peak upstreamof x=c D0:63
and reducing suction downstreamof this, as the height is reduced.
For the lowest height of h=c D0:053, the suction over the main
element lower surfacereducessigni￿cantly over the entire surface.
A constant pressureregion is observedon the ￿ ap from x=cD0:7,
alsowith reducedsuctionsonthe￿ ap upstreamofthis.For boththe
main element and the ￿ ap, the pressure reduces very slightly over
theuppersurfacewithareductioninheight.Anadditionalreduction
is observedat the lowestheight.1012 ZHANG AND ZERIHAN
a) Low ￿ap angle b) High ￿ap angle
Fig. 9 The u/U1 contours.
a) Streamwise velocity b) Normal stress
Fig. 10 Wake surveys for low ￿ap angle at h/c=0.211.
Off-Surface LDA Wake Survey
An LDA wake survey was taken at four streamwise locationsof
x=cD1:066;1:184;1:381;and1:776behindthetrailingedgeofthe
￿ ap. Boundary-layersurveyswere taken alonga line perpendicular
to the suction surface, at the trailing edge of the ￿ ap (see Fig. 2).
Results were acquired at heights of h=c D0:395;0:211; and 0.105
for the low and the high ￿ap angles.
Acomplexturbulentwake￿ owisproducedbythewing(Figs.9–
11). Immediatelydownstreamof the low angle￿ ap, two minima in
u were found (Figs. 9a and 10a); the more signi￿cant in terms of
velocityde￿cit and thicknessappearsto be causedby the main ele-
ment.Asthewakedevelopsdownstream,turbulentmixingincreases
the size of the wake (Fig. 10b),as was foundfor the single-element
wing,5 andthemaximumvelocityde￿citreduces.The wakesurveys
show that the ￿ ap wake would mix with the wake from the main
element, such that at x=c D1:776 for h=c D0:211; no sharp dis-
continuity in the pro￿le exists, indicating that the wakes are fully
merged at this location.At x=c D1:066 the ￿ ow velocity increases
from the wake to the ground. This vertical pressure gradient is as
would be expectedfrom vertical traverses not perpendicularto the
curved surfaceof the ￿ ap. Close to the trailing edge, the ￿ ow is at
a higher velocity than freestream in the region between the wing
and the ground. In the region from the wake to the ground, the
adverse pressure gradient can be seen to reduce the velocities in
the streamwise direction. The ￿ nal point, at x=cD1:776, shows
a relatively constant velocity pro￿le in this region. The boundary
layer very close to the ground can be seen and is more prominent
thanthesingle-elementwing.For h=c D0:211 atthelow ￿apangle,ZHANG AND ZERIHAN 1013
a) Different heights at low ￿ ap angle b) Effect of ￿ ap angle at h/ /c=0.211
Fig. 11 Wake surveys at x/ /c=1.066.
a) Tangentialvelocity b) Normal stress
Fig. 12 Boundary layer at ￿ap trailing edge.
the velocity de￿cit appearssimilar as the ￿ow moves downstream,
witha minimumvelocityofu=U1 ¼0:95.The layerdoes,however,
appearto have grown in thickness.
The turbulent stress u0u0=U 2
1 distribution(Fig. 10b) shows two
distinct peaks at x=cD1:066, representing the wakes from the
￿ ap and the main element. Here, the contributionfrom the ￿ ap is
more signi￿cant than that of the main element. At the next point,
x=cD1:184,theperturbationsfromthemain elementhavereduced
only slightly in the portion of the wake from the main element but
signi￿cantlyintheportionfromthe￿ ap.Atx=cD1:381the￿ apcon-
tributionfallsagainand is more like a plateau,until at x=cD1:776
the results show advancedmerging, with only a small bump. High
levelsoftheperturbationvelocity,whichdecreasesigni￿cantlywith
distancedownstream,canbe seenin the boundarylayercloseto the
ground.
Astheheightofthewingisreduced(Fig.11a),thewakefromthe
wing increasesas was foundforthe single-elementwing. However,
the portionof the wake from the ￿ap doesnot changesigni￿cantly,
in terms of the velocity and the thickness. The portion from the
main element is the cause of the increase; the wake thickens, and
the velocities reduce as the height is reduced. In a similar manner
tothesingle-elementwing,it istheportionfromthesuctionsurface
(of the main element) that changes, and the pressure surface con-
tributiondoes not vary signi￿cantly.Similar valuesfor the velocity
are found in the region of accelerated ￿ uid between the wake and
the ground. The retarded ￿ ow very close to the ground becomes
more signi￿cant as the height is reduced, as the layer becomes
thicker,andpossiblybecomesmoreextremeintermsofthevelocity
de￿cit.
Boththevelocityde￿citandthewakethicknessaregreaterforthe
high￿ apangle,notonlybecauseofthe mainelement,butalsofrom
the ￿ ap (Figs. 9a and 11b). From the wake surveys it can be seen
that,forthehigh￿apangle,thewakesarefurtherfrommergingthan
for the low ￿ ap angle. The ￿ ow between the wing and the ground
is accelerated to a greater extent for the high ￿ ap angle for the
resultsnearto the wing. For h=cD0:105thecontoursshowthat the
velocity de￿cit very close to the groundis greater for the high ￿ ap
angle,bothin terms ofthe velocityand thethickness.At the greater
heightsit isclearthatthelayerthickensasitmovesdownstream,but
it is dif￿cult to compare the velocities directly. The general effect
of changingthe height on the ￿ ow￿ eld and the developmentof the
wake downstreamis similar to those found for the low ￿ ap angle.
Boundary-layerpro￿les(Fig.12a)con￿rmthatatthetrailingedge
ofthe￿ ap thewakefromthemainelementisindeedseparatedfrom
the boundarylayer of the ￿ ap and that the merging of the layers,if
anyhashappened,issmallatthisstreamwiselocation.As theheight
isvariedfor thelow ￿ apangle,the boundarylayerdirectlyfromthe
￿ apchangeslittle,and theresultsarewithin thepositionalaccuracy
of the equipmentused. The velocity at the con￿uence between the
layers is u»=U1 ¼1:06 for the three heightsfor the low ￿ ap angle.
The minimum velocitycaused by the wake from the main element
reducesasthe heightreduces,and thelocationof this movesfarther1014 ZHANG AND ZERIHAN
a) b)
c) d)
Fig. 13 Off-surface PIV survey: u/U1 contours; a) h/c=0.058, high ￿ ap angle, b) h/c=0.132, high ￿ ap angle, c) h/c=0.058, low ￿ap angle, and
d) h/c=0.132,low ￿ap angle.
away from the surface, as the wake thicknessincreases.The effect
of the overallboundary-layerthicknessincreasingas the ground is
approached is caused by the contribution from the main element.
For the high ￿ ap angle at h=c D0:395, the boundarylayer directly
fromthe￿ apisthicker.Inaddition,themergingofthewakefromthe
main element with the ￿ ap boundary layer is less developed than
for the results at the low ￿ ap angle. The main element boundary
layeris boththickerand more signi￿cantin terms of the velocities,
comparedto the low ￿ ap angle.
The turbulent stress u0u0=U2
1 is shown in Fig. 12b for the
boundary-layer pro￿les. For the low ￿ ap angle concentrations in
u0u0=U2
1 are foundin the regioncloseto the ￿ ap surface.The high-
estvaluesarefoundatvaluesof‡ lessthan0:002c fromthesurface,
and this decreasesto minima at ‡ ¼0:015c, a heightnearthe merg-
ing of the main-element wake and the ￿ ap boundary layer. In the
regionofthemain-elementwake,u0u0=U2
1 increasestoamaximum.
For allthreeheightsthismaximumisata locationfartherawaythan
the center of the main-element wake, and the magnitude increases
as the heightis reduced.Some evidenceof a secondpeakof pertur-
bations exists at a location closer than the center of the boundary
layer,butthisisnotwellde￿ned.Thecurvethendropsastheedgeof
the boundarylayer is approached.For the high ￿ ap angle the peak
within the ￿ ap boundary layer is of a greater magnitude than the
low ￿ ap angle at h=cD0:395. The perturbationsthen drop sharply
topracticallyzero,con￿rmingthatthisisoutof,orverycloseto,the
edgeof the main-elementwake. The curveincreasesto a ￿ rst small
peak,on the innersideof the centerof the wake, dropsslightly,and
increasesagain to a second peak, fartherout from the center of the
wake, then fallingoff to the edgeof the boundarylayer.
Off-Surface PIV Survey
Although the LDA survey provided both qualitativeand quanti-
tativedataofthewakedevelopment,it doesnotextendtothe region
underneath the ￿ ap and above the ground. Features in the region
would provide insight into the force reduction at the low ground
height.PIVsurveyswerethereforeperformedintheregionbetween
the ￿ ap and the ground.The surveywas madefeasibleby the useof
glassend plate.Figure13 givesmean streamwisevelocitycontours
attwo typicalheights:onein theforcereductionregionandanother
in the enhancementregion.
The PIV surveys generally con￿rm the observationsmade with
the LDA surveyswith additionalnew information.The wake from
the main elementis seento dominate,and its thicknessincreasesas
thegroundheightisreduced,asobservedintheLDAmeasurements.
The ￿ ow accelerates between the ground and the main element
to reach a speed higher than the freestream before the maximum
suctionpoint(notshowninthePIVimages);hencethehighvelocity
regionbetweenthegroundandthewing.Afterthemaximumsuction
the wing effectively forms a diffuser section with the ground, and
the ￿ow deceleratesdownstream.For the majorityof test cases,the
￿ ow stays attachedat the trailing edge of the main element, unlike
the single-elementcase.3 The Kutta condition at the trailing edge
is satis￿ed, and the wake off the trailing edge of the main element
followsanupwardpath(Fig.13b).Nevertheless,thewakesfromthe
main element and the ￿ ap do not merge immediatelyafter the ￿ ap,
and the main-elementwake doesnot touch the ￿ ap for all cases.
For the high ￿ap angle,at the low groundheightsof h=cD0:058
and 0.066, a different ￿ ow pattern emerges. The ￿ ow on the suc-
tion surface of the main element is separated at the trailing edge,
althoughthe extentof the separationis small. (See Fig. 8b and note
that the separation is not shown in the PIV images because of re-
￿ ection.) Nevertheless, with the appearance of the separation, the
Kutta conditionis not satis￿ed at the trailing edge. As a result, the
lower bound of the wake from the main element now experiences
a downward trend. In fact, a wall-jet-like￿ ow now exists between
the ground and the wing. Inspectionof the mean velocity distribu-
tion immediatelypointsto the existenceof a minimum pointin the
streamwise velocity in the wake from the main element. The po-
sition of the minimum, though, differs for the low ground heights
and high ground heights. At h=c D0:058 and 0.066 the minimum
is locatedimmediatelyafter the main elementand beneaththe ￿ ap,
whereas for the higher ground heights for the high ￿ ap angle and
for the low ￿ ap angle cases the minimum is located after the ￿ ap
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Table 1 Measured minimumin streamwise velocity
in the main-elementwake
High ￿ ap angle Low ￿ ap angle
h=c u=U1 x=c y=c u=U1 x=c y=c
0.058 0.04 0.80 0.06 0.30 1.03 0.12
0.066 0.16 0.82 0.08 0.37 1.04 0.13
0.071 0.04 1.06 0.17 0.40 1.06 0.13
0.079 0.08 1.07 0.18 0.44 1.08 0.14
0.084 0.14 1.08 0.19 0.46 1.09 0.14
0.092 0.20 1.09 0.20 0.47 1.07 0.14
0.097 0.25 1.08 0.19 0.48 1.10 0.15
0.105 0.31 1.11 0.21 0.49 1.09 0.15
0.118 0.37 1.12 0.21 0.51 1.11 0.16
0.132 0.41 1.10 0.21 0.53 1.12 0.16
0.158 0.44 1.12 0.22 0.55 1.11 0.16
0.184 0.47 1.14 0.23 0.64 1.12 0.16
0.211 0.48 1.13 0.23 0.64 1.12 0.17
Further Discussion
Addingthe ￿ ap to the main elementinducesa greatercirculation
around the main element, as can be seen by the greater suction on
the lower surfaceand the increasedpressureson the upper surface.
The fact that there is a ￿ nite suctionat the trailingedgeof the main
elementimpliesthatthe pressurerecoveryfromthesuctionpeakon
the main elementto the trailingedgeis not as severe.Large regions
ofseparated￿ owwereobservedforthesingle-elementwing,butfor
the double-elementwing separationis not as widespread.The two
effects,thecirculationeffectandthedumpingeffect,weredescribed
by Smith7 as contributingfactors to the bene￿t of a multielement
con￿guration.
For the double-elementwing a force reduction region c is iden-
ti￿ ed, similar to the single-elementwing.3 Above the region c two
regions of force behavior are identi￿ed: regions a and b. Above
region a heights, at and above h=cD0:171 for the low ￿ap angle
and at and above h=cD0:237 for the high ￿ ap angle feature an
increasing downforce with an increasing proximity to the ground.
The slope increases as the height reduces. Below this, at region b
heights,the curve also increaseswith reducing ground height until
the maximum downforceisobtained.For the low ￿ ap anglethereis
an asymptoticincreaseand then a smooth reductionin the gradient
to the maximumdownforce,followed by a reductionin downforce.
For the high ￿ ap anglethe curve is more linear,and there is a sharp
reductionbelowthemaximumdownforce.Attheboundarybetween
thetypea=b ￿ ows,thereisa discontinuityinslopeinthedownforce
curve. For the low ￿ ap angle this is manifested as a plateau region
at the large typeb heights.For the high￿ ap anglethereis a sudden
reductionin downforce,comparedto the lowest type a heights.
At the center of the wing, the contribution from the ￿ ap at the
low ￿ ap angleincreasesbyabout30%astheheightisreducedfrom
h=cD0:592,untilamaximumath=c D0:105,andthenreducesalit-
tlebelowthis.Similarresultsarefoundforthehigh￿ apangle,where
theheightatthemaximumsectionaldownforceis h=cD0:158.The
pressure distributions suggest that the small reductions in down-
force are caused by reductions in pressure on the pressure surface
and small reductions in suction in the region x=cD0:65 ¡ 0:8 on
the ￿ ap suction surface. The general increase in downforce as the
ground is approached for the ￿ ap is signi￿cantly smaller than that
for main element. As the height of the wing is changed, the ￿ap
is farther from the ground and therefore less sensitive to changes
in ground height than the main element. There is a more signi￿-
cant reduction in downforce at the lowest height for the high ￿ap
angle, which is caused by the boundary layer separating over the
￿ ap.Thelowercirculationimpartedbythe￿ aponthemainelement
can be seen representedby the lower suction on the main element
suction surface for the lowest height.According to LDA measure-
ments, two hypothesesare presented.First, the boundarylayer can
separatefromthemain-elementsuctionsurfaceforthelowestheight
with the high￿ ap angle,preventingthe wake from ￿owing overthe
￿ ap, leading to the ￿ ap boundarylayer separatingand a lower ￿ap
loading. However, the ￿ ap ￿ ow can separate itself, causing a loss
in ￿ ap circulation,reducingthe main-elementcirculation.The PIV
measurements suggest that the ￿ rst is the case. The existence of
the trailing-edgeseparation leads to a downward movement of the
lower bound of the wake from the main element and the presence
of a velocityminimum in the wake immediatelyafterthe main ele-
mentand beneaththe ￿ ap. This createsan effectivediffusersection
betweenthewakeandthe￿ apandplacesa higherpressurerecovery
demand on the ￿ ap suction surface ￿ow, leading to separationand
downforceloss.
Summary
The aerodynamicbehaviorofa cambered,double-element,high-
lift wing has been studied using model tests. Techniques em-
ployedincludeforcebalance,surfaceoil￿owvisualization,surface-
pressuretaps,off-surfaceLDAsurveys,andPIVmeasurements.The
effectsof groundproximityand￿ apanglede￿ectionare quanti￿ed.
It was found that the main element produces most of the down-
force and dominates the turbulentwake development.The ground
proximity does not alter the turbulent wake from the ￿ap signi￿-
cantly,intermsofthevelocityde￿citandthethickness.An increase
inthewakethicknessandareductioninthevelocityde￿citarefound
in the portion from the suction surface of the main element, as the
wing is movedto theground.Boththevelocityde￿cit and thewake
thickness are greater for the high ￿ ap angle, not only because of
the main element, but also from the ￿ ap. In the center of the wing,
the ￿ ow can be regarded as quasi-two-dimensional.Three regions
are identi￿ed on the downforce with height curve. A force reduc-
tion region c, similar to that of a single element wing, is presented
for the two ￿ ap settings.Above the force reductionregion c, there
are two distinct regions. At large heights, region a, the downforce
increases asymptotically with a reduction in height. Then there is
either a small plateau,in the case of the low ￿ ap angle, or a reduc-
tionindownforce,inthecaseofthelarge￿ apangle.The downforce
thenincreasesagain,regionb, untilit reachesa maximum,andthen
reduces.In the caseof the low ￿ap angle, the maximum downforce
is dictated by gains in downforce from lower surface suction in-
creases and losses in downforce caused by upper surface-pressure
losses and lower surface suctionlosses,with a reductionin height.
For the high ￿ ap angle there is a sharp reduction just beyond the
maximum becauseof the boundarylayer separatingand a resultant
loss of circulationon the main element.
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